Background--Concerns exist about reliability of pressure-wire-guided coronary revascularization of non-infarct-related arteries (non-IRA). We investigated whether physiological assessment of non-IRA during the subacute phase of myocardial infarction might be flawed by microcirculatory dysfunction.
interest, as there is growing evidence supporting complete revascularization in AMI patients with MVD. 4, 5 However, there is a paucity of data supporting the use of pressure-wire-guided coronary revascularization in the acute or subacute phase of AMI. Several pathophysiological factors could transiently influence pressure-wire-based physiological assessment of non-IRA, including microcirculatory dysfunction, high left ventricular filling pressure, blunted hyperemic response to adenosine, and myocardial stunning extending also to remote myocardial territories. All this might contribute to underestimate the functional relevance of stenoses in non-IRA, making physiology-based deferral unsafe. In this regard, a recent pooled analysis of 2 large trials on physiology-based revascularization identified an increased risk of cardiovascular events in patients presenting with acute coronary syndromes in whom percutaneous coronary intervention in nonculprit stenoses was deferred, compared with SA patients. 6 As the use of pressure-wires is progressively extending to patients with AMI and MVD, it is highly relevant to understand the underlying pathophysiological mechanisms potentially influencing the functional assessment of nonculprit stenoses. In this study, we sought to investigate the status of the microcirculation downstream non-IRA in the subacute phase of an AMI and its impact on FFR values. In addition, we evaluate the magnitude of hyperemic response to adenosine in this clinical subset.
Methods Study Design
We performed an observational, international, multicenter study involving patients with coronary artery disease who underwent comprehensive intracoronary physiology assessment with FFR, the index of microcirculatory resistance (IMR), and the coronary flow reserve (CFR). The status of the microcirculation downstream non-IRA was evaluated with IMR and CFR and compared with that of target vessels of a cohort of SA patients selected by using a propensity score matching model, in order to avoid bias driven by baseline predictors of high IMR. Raw data from physiology studies were collected and independently analyzed at a central core laboratory. The data that support the findings of this study are available from the corresponding author upon reasonable request.
Study Population
From an entire registry constituted by 4 tertiary centers (Hospital Clinico San Carlos, Madrid, Spain; Samsung Medical Center, Seoul, South Korea; Seoul National University Hospital, Seoul, South Korea; and VU Medical Center, Amsterdam, the Netherlands), we identified patients presenting with AMI (non-ST-segment-elevation myocardial infarction [NSTEMI] and ST-segment-elevation myocardial infarction [STEMI]) with MVD in whom revascularization of non-IRA was guided by FFR at a staged procedure (after successful percutaneous intervention of the culprit vessel). The culprit vessel was selected based on the ECG, echocardiographic abnormalities, and angiographic appearance. Time between the onset of symptoms to physiological evaluation of the non-IRA was collected. Exclusion criteria were unstable angina as the initial clinical presentation, vessels with subtotal stenoses or significant collaterals, and poor quality or no availability of the raw physiology studies. The study protocol was in accordance with the Helsinki declaration and participants gave written informed consent. Part of the population reported here belong to a series previously reported. 7 Intracoronary Physiology Study FFR, CFR, and IMR were obtained with a pressure-temperature sensor fitted guidewire (Certus wire, St. Jude Medical, MN) as described elsewhere. 8 Intracoronary nitrates were administered before physiology measurements. At baseline conditions, mean proximal aortic pressure and mean intracoronary pressure distal to the target stenoses (rest-Pd) were measured. The mean transit time at rest (rest-Tmn) was averaged after 3 bolus injections of saline at room temperature. Hyperemia was induced by infusion of adenosine (140 lg/kg
Clinical Perspective
What Is New?
• As compared with a matched control group of stable angina patients, we found in the subacute phase of myocardial infarction lower coronary flow reserve values in non-infarctrelated arteries (non-IRA), primarily driven by an increased resting flow, whereas hyperemic blood flow was similar.
• However, fractional flow reserve, index of microcirculatory resistance, and the magnitude of the hyperemic response to adenosine were similar in non-IRA and stable angina vessels.
What Are the Clinical Implications?
• Concerns exist about reliability of pressure-wire-guided coronary revascularization of non-IRA in patients with acute myocardial infarction and multivessel disease.
• The pathophysiological framework of an acute myocardial infarction, including microcirculatory dysfunction or blunted hyperemic response, could transiently influence pressurewire-based physiological assessment of non-IRA.
• From a physiological perspective, the findings of this study support the reliability of fractional flow reserve-based assessment of non-IRA in the subacute phase of myocardial infarction.
per kg) through a femoral or antecubital vein during 2 minutes. At steady-state hyperemia, mean proximal aortic pressure (hyperemic-Pa), mean intracoronary pressure distal to the target stenoses (hyperemic-Pd), and mean transit time (hyperemic-Tmn) were measured. FFR was calculated as the ratio of hyperemic-Pd to hyperemic-Pa, IMR as the product between hyperemic-Pd and hyperemic-Tmn and corrected by the Yong's formula, 9 and CFR was measured as the ratio of base-Tmn to hyperemic-Tmn.
Assessment of the Hyperemic Response
The hyperemic reactivity was evaluated by changes in the intracoronary distal pressure during adenosine infusion (named delta of Pd, from resting conditions to hyperemia), and the resistive reserve ratio (RRR). The RRR, an index aimed to evaluate the ability of the coronary microcirculation to achieve maximal hyperemia, was calculated as the ratio between baseline microcirculatory resistance (rest-Tmn9rest-Pd) and IMR, as described elsewhere 10 . (Figure 2A ). Tables 1 and 2 show the clinical and coronary anatomy characteristics of AMI and SA matched groups.
Statistical Analysis

Trans-Stenotic Pressure Gradient Indices
At baseline, no significant differences were found regarding trans-stenotic pressure gradient between non-IRA and SA (Table 3) .
Microcirculatory Resistance in the Non-Infarcted Myocardium
The microcirculatory resistance in non-IRA of AMI patients was similar to that of target vessels in SA patients (IMR 15. (Figure 7 ).
Discussion
The findings made in this study have implications for the use and interpretation of both pressure-and flow-based physiological indices in the subacute phase of AMI. On the one hand, we found that resting coronary flow in non-IRA is significantly higher than in SA patients. This potentially explains why CFR is decreased in non-IRA, and why it should be used with caution to draw conclusions on the status of the coronary microcirculation downstream non-IRA after AMI. The presence of a higher resting flow also casts doubts as to the accuracy of nonhyperemic resting indices of stenosis severity in non-IRA. On the other hand, the absence of differences in the hyperemic flow and microcirculatory resistance between non-IRA and SA vessels provide mechanistic support to the validity of hyperemic indices, such as FFR, in decision making during the subacute phase of AMI. The occurrence of MVD in patients with AMI is frequent and entails a worse prognosis. 13, 14 Recently, FFR-based revascularization of non-IRA has been shown in trials to improve prognosis compared with a culprit-only percutaneous coronary intervention strategy in patients with AMI, 2 and to reduce repeat revascularization rates compared with an angiography-based strategy. 3 However, a comparable safety of FFR as a decision-making tool in AMI patients to that widely documented in SA is missing, and data supporting the use of FFR and new resting pressure-based indices like iFR (instantaneous wave-free ratio) is scarce in this clinical subset. In addition, given the differences in the physiological framework of SA and AMI (which could cause transient variations in FFR values), conclusions on safety cannot be transferred from one to the other clinical scenarios. 15 The concerns about equivocal decision-making with FFR and iFR in the context of AMI stems from theoretical reasons and clinical evidence. Infarct-related extravascular compression (caused by intramyocardial hemorrhage and edema) and intravascular obstruction (caused by endothelial cell swelling and embolized particulate) increase microcirculatory resistance, limiting myocardial flow. 16 It is not well known whether such pathophysiological changes extend also to remote myocardial territories affecting functional assessment of non-IRA during the acute or subacute stage of MI. In addition, a recent study based on large randomized trials suggests an excess of events at 1-year follow-up in patients with AMI in whom revascularization deferral of non-IRA was based on FFR or iFR, compared with SA patients. 6 In this regard, major pending questions include whether revascularization of non-IRA should be performed during the acute or subacute stages of an AMI, and whether physiological guidance of non-IRA results in any advantage over angiography-based revascularization. Our research is of interest in the discussion of these topics.
Coronary Flow in Non-IRA
We found significantly lower CFR values in non-IRA as compared with the control matched SA vessels. However, when the components of the flow ratio were analyzed separately, we found that the impairment of CFR in non-IRA was not caused by a decrease in maximal flow, but was driven by an increase in resting flow in non-IRA (Table 3 and Figure 4 ). Our observations on this aspect are supported by previous research.
Bax et al evaluated the evolutionary changes of CFR and microcirculatory resistance in both IRA and non-IRA in 73 patients with an anterior STEMI through intracoronary Doppler technique. 17 The CFR, measured immediately after reperfusion, increased significantly at 1-week and 6-month follow-up in both groups. They stated that low CFR in remote regions during AMI is probably the consequence of a disturbed autoregulation. Van Herck also found an increase in baseline flow in non-IRA, which was proportional to myocardial infarction size assessed with magnetic resonance imaging. 18 More recently, de Waard et al reported, based on intracoronary Doppler flow velocity measurements, a significantly lower CFR and increased baseline flow in non-IRA in patients with AMI, compared with SA patients. 19 Of note, these authors also documented a decrease in maximal flow in non-IRA, but such difference might be because their control group did not include flow-limiting stenosis. In other words, the decrease in CFR in non-IRA denotes a different physiological framework than in SA patients, but should not be interpreted in the sense that myocardial blood supply is decreased nor that the subtended microcirculation is impaired in non-IRA. A higher resting coronary flow in AMI patients may be the result of neurohumoral compensatory mechanisms triggered by the acute myocardial damage. 20 Yet, the increase in resting flow in AMI patients may have implications for functional stenosis assessment based on resting translesional pressure ratios, such as iFR or Pd/Pa. The findings of our study may explain the overestimation of stenosis severity of iFR in AMI patients reported in the i-STEMI trial. In that study, the classification agreement between acute and follow-up iFR measurements obtained in non-IRA was moderate (78%). 21 Of note, classification agreement was influenced by time interval from acute to follow-up iFR. The authors acknowledged that the main benefit of iFR in the assessment of non-IRA during the acute stage of AMI would be ruling out functional stenosis significance.
Microcirculatory Resistance in Non-IRA
We also investigated the microcirculation in non-IRA from a resistive perspective. An increase in microcirculatory resistance in the context of AMI may result from intramyocardial hemorrhage, edema, microvascular obstruction, or extravascular compression, 22 limiting maximal coronary flow. In this regard, mirroring similar hyperemic T mn , the microcirculatory resistance in our study was similar in non-IRA and the matched SA vessels in terms of IMR, the 75 th percentile of IMR values, and the number of vessels with high IMR (Table 3 and Figure 3 ). In our study population, the angiographic and functional severity of non-IRA stenoses was intermediate and similar to that of the control matched vessels (Figure 2 ). This is in concordance with the clinical practice guidelines in which the use of pressure wires is recommended to guide revascularization of intermediate coronary stenoses 1 . Our results support the findings reported by previous studies that used a different methodology. Ntalianis et al investigated the reliability of FFR in non-IRA during the acute phase of a myocardial infarction and 1 month later in 75 STEMI patients and 26 NSTEMI patients. 23 Interestingly, they found that FFR and IMR values did not change during the acute phase and follow-up. However, whether 1 month is enough time for resolution of potential transient microcirculatory dysfunction affecting remote myocardial territories was not addressed by such study; additionally, the number of vessels evaluated with IMR was very low (14 patients). A recent animal experiment supports the concept that local high microcirculatory resistance increases the local FFR value but does not affect IMR or FFR in remote coronary vessels. 24 Lee et al investigated in swine whether local microcirculatory damage also extends to a distant myocardial territory and affects FFR values in non-IRA. They injected microspheres into the left anterior descending artery and artificially created an epicardial stenosis with angioplasty balloons. They found that FFR values proportionally increase to the local microcirculatory damage measured by IMR in the infarcted vessel, whereas IMR and FFR values in non-IRA remained similar. Although such study was carried out in animals and used artificial methods, its results support our findings in real patients in whom we did not find differences between non-IRA and the control matched SA-vessels in terms of IMR and FFR values.
Hyperemic Response to Adenosine in Non-IRA
The physiological framework of FFR makes mandatory the achievement of maximal myocardial hyperemia. It remains unclear whether myocardial damage associated with AMI may impair maximal hyperemia in remote, noninfarcted territories. To investigate this phenomenon, we quantified the hyperemic response in non-IRA of AMI patients and the control group of SA vessels by assessing the modification of intracoronary pressure caused by adenosine, as well as the changes in microcirculatory resistance. 10 Overall, we found that the hyperemic reactivity to adenosine in non-IRA during the subacute phase of a myocardial infarction was not blunted, compared with patients with SA. The shift in intracoronary pressure (distal to the interrogated stenosis)
caused by adenosine infusion was of similar magnitude in AMI and SA patients (Table 3 ) and, likewise, the variation in the microcirculatory resistance caused by adenosine, as determined by the RRR, was of similar magnitude between both groups ( Figure 6 ). Table 3) . B, distribution of the RRR values in both groups. In this Box-and-whisker plots figure, the boxes show the median and first and third quartiles; * represents an outlier. Hyp indicates hyperemic; non-IRA, non-infarct-related arteries; Pd, distal pressure; RRR, resistive reserve ratio; SA, stable angina.
Microcirculation Downstream Non-IRA in STEMI and NSTEMI Patients
We also evaluated the microcirculation in non-IRA according to the type of AMI. This is because the extension of myocardial damage, usually larger in STEMI than in non-STEMI, might be associated with the degree of remote microcirculatory impairment. In this study, despite a larger myocardial damage in STEMI than in NSTEMI patients (troponin I [units] 68.0 versus 3.1, P<0.01), the distribution of IMR and CFR values in non-IRA was similar between both AMI groups ( Figure 7 ). In agreement with these findings, the physiological relevance of non-culprit stenoses in non-IRA was similar between STEMI and NSTEMI patients (Table 4) . This supports that our findings can be applied to non-IRA in patients with either type of myocardial infarction.
Study Limitations
Because physiological assessment was performed only in non-IRA, we cannot determine the association between the extension of local myocardial damage in terms of IMR in the culprit vessel and the status of the remote microcirculation. A second limitation is that physiological assessment was not repeated at follow-up; therefore we cannot determine the evolutionary changes in the microcirculation subtended to non-IRA over time. Another limitation is that the influence of the medication received by AMI patients in the results of our study was not assessed. Other relevant hemodynamic parameters that can potentially influence pressure and flow intracoronary measurements within the context of an AMI, such as the left ventricle filling pressure, were not systematically determined. In addition, our study is limited to assessing the coronary physiological implications of AMI to support or not the use of invasive pressure-wire measurements in guiding revascularization of non-IRA. We compared the microcirculation subtended to non-IRA with that of a matched control group of patients with SA. However, it is important to bear in mind that AMI patients have a clinically increased risk at long term compared with SA patients, and that these differences cannot be explained only on the basis of FFR (or iFR) alone. In this regard, a limitation of our study is that the impact of our findings on long-term cardiovascular outcomes was not evaluated.
Conclusions
In the subacute phase of myocardial infarction, non-IRA show an increased baseline flow that may cause abnormal CFR despite preserved hyperemic flow. In non-IRA, microcirculatory resistance and adenosine-induced hyperemic response are similar to those found in SA patients. From a physiological perspective, these findings support the use of FFR to interrogate non-IRA during the subacute phase of myocardial infarction. 
